As a replacement for polybrominated diphenyl ethers, bis-(2-ethylhexyl) tetrabromophthalate (TBPH) is widely used as a novel flame retardant and has been detected in many environmental matrix including human blood. TBPH can be metabolized into mono-(2-ethyhexyl) tetrabromophthalate (TBMEHP) by carboxylesterase. However, their adverse effects on human vascular endothelium and their potential impacts on human cardiovascular disease are unknown. In this study, their adverse effects and associated molecular mechanisms on human vascular endothelial cells (HUVECs) were investigated. A concentration-dependent inhibition on HUVECs' viability and growth was observed for TBMEHP but not for TBPH. TBMEHP induced a marked G 0 /G 1 cell cycle arrest and robust cell apoptosis at 1 μg/mL by inducing expression of p53, GADD45α and cyclin dependent kinase (CDK) inhibitors (p21and p27) while suppressing the expression of cyclin D1, CDK2, CDK6, and Bcl-2. Unlike TBMEHP, TBPH caused early apoptosis after G 2 /M phase arrest only at 10 μg/mL via upregulation of p21 and down-regulation of CDK2 and CDK4. TBMEHP decreased mitochondrial membrane potential and increased caspase-3 activity at 1 μg/mL, suggesting that activation of p53 and mitochondrial pathway were involved in the cell apoptosis. The data showed that TBPH and TBMEHP induced different cell cycle arrest and apoptosis through different molecular mechanisms with much higher toxicity for TBMEHP. Our study implies that the metabolites of TBPH, possibly other novel brominated flame retardants, may be of potential concern for human cardiovascular disease.
Introduction
Flame retardants have been widely used in various consumer products and decorating materials to reduce flammability and hinder fire ignition. Polybrominated diphenyl ethers (PBDEs) are one of the most commonly used flame retardants (Bramwell et al., 2016) . In recent years, increasing concerns regarding their bioaccumulation and adverse health effects on humans lead to their phase out (Siddiqi et al., 2003) . To meet the demand for fire resistance in daily products, novel brominated flame retardants (NBFRs) have been introduced into the market. Bis-(2-ethylhexyl) tetrabromophthalate (TBPH) is one of the most frequently used NBFRs and an important ingredient in commercial flame retardant mixtures such as Firemaster 550 (15% TBPH) and Firemaster BZ-54 (30% TBPH) Stapleton et al., 2011) .
TBPH is listed as a high production chemical by the USEPA with 450-4500 t/year from 1990 to 2006 (de Wit et al., 2010 .
TBPH has been frequently detected in indoor dust and aquatic animals (e.g., dolphins and porpoises), due to its environmental stability and bioaccumulation in many species . TBPH is a structural analog of di(2-ethylhexyl) phthalate (DEHP), which disrupts hormone synthesis, and induces both hepatotoxicity, reproductive and neurobehavioural toxicity (Mu et al., 2015; Springer et al., 2012) . Consequently, its potential adverse effects are of great interest to the scientific community. In recent years, several studies have evaluated TBPH toxicity. For example, increased serum thyroxine levels and reduced hepatic carboxylesterease activity are observed in rat after exposing to TBPH present in Firemaster 550 (Patisaul et al., 2013) . In vitro primary porcine testicular cell culture model has been employed to study the effects of TBPH on steroidogenesis. Though cell viability is not significantly affected at ≤1500 mg/L TBPH, testosterone and estradiol biosynthesis are significantly elevated along with upregulation of CYP11A1 mRNA after exposure to 0.15 mg/L TBPH (Mankidy et al., 2014) . In addition, Bearr et al. (2010) found TBPH induced significant DNA damage in fish hepatic cells, while Saunders et al. (2015) recently demonstrated that TBPH impaired the fecundity of fish through disrupting transcript profiles of the HPGL-axis. An in vitro yeast YES/YAS reporter assay also verified endocrine disrupting potentials of TBPH (Saunders et al., 2013) .
In addition, TBPH can be metabolized into mono-(2-ethyhexyl) tetrabromophthalate (TBMEHP) by porcine carboxylesterase Springer et al., 2012) . Recent studies have shown that the metabolites of some flame retardants are more toxic than their parent compounds (Wan et al., 2009) . For example, hydroxylated metabolites of PBDEs are more toxic than parent PBDEs (Feo et al., 2013) . But only few studies have investigated the toxicity of TBMEHP. For example, a much higher expression of the adipocyte-specific protein perilipin and PPAR-mediated genes FABP4 and AOX in murine cells were observed after exposure to TBMEHP than TBPH. The data suggested that TBMEHP may be more toxic than TBPH. In general, most toxic studies focused on aquatic animals, mammal, or mammal cell lines, with limited information being available regarding the toxic effects of TBPH and TBMEHP on humans.
Recent studies detected TBPH in human blood serum (He et al., 2013; Zhou et al., 2014) , showing a positive association between TBPH concentration and alterations of triiodothyronine level in human blood plasma (Johnson et al., 2013) . In addition, cardiovascular diseases contribute about one third death in the U.S. and are associated with environmental contaminant exposure. For example, poor cardiovascular performance is recently noted in male rats after exposing to Firemaster 550 with TBPH as a major component (Patisaul et al., 2013) . Therefore, based on their detection in human blood and the cardiovascular diseases risk as an analog of DEHP, it is important to investigate the pathogenic risk of TBPH/TBMEHP to human blood vessel endothelium and their potential induction of cardiovascular disease. In this study, we investigated the effects of TBPH and TBMEHP on human vascular endothelial cells (HUVECs), and explored the relevant molecular mechanism for the observed adverse effects as well as implication for human health risk.
Materials and methods

Chemicals and reagents
Cell culture medium and relevant reagents were obtained from Thermo Fisher Scientific Inc. (GIBCO, USA). Cell culture dishes and plates were purchased from Corning Inc. (NY, USA). CCK-8 cell viability assay kit was purchased from Yi Fei Xue Biotech. Co., Ltd. (Nanjing, China). Cell cycle analysis kit and Annexin V-FITC apoptosis detection kit were from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Bradford protein assay kit, and JC-1 probe were purchased from Beyotime Institute of Biotechnology (Haimen, China). CaspACE™ Assay System was from Promega Corporation, USA. SYBR® Premix Ex TaqII (Tli RNaseH Plus) was from TaKaRa Biotech. Co., Japan.
Bis-(2-ethylhexyl) Tetrabromophthalate (TBPH) and its metabolite mono(2-ethylhexyl) tetrabromophthalate (TBMEHP) were purchased from Aladdin Industrial Corporation (Shanghai, China) and J & K Scientific (Shanghai, China) with purity > 98%. Dimethylsulfoxide (DMSO; > 99.9%) which was used as the solvent for all the test chemicals were from Sigma-Aldrich (St. Louis, MO).
Cell exposure, viability and morphology
Human umbilical vein endothelial cells (HUVECs) originated from American Type Collection Culture (ATCC, USA) were kindly provided by Prof. Jiang Yuan in Nanjing Normal University. Cells were grown in DMEM supplemented with 10% fetal bovine serum, 1% glutamine, and 1% antibiotic-antimycotic solution in an incubator with 5% CO 2 at 37°C. After reaching~80% confluence, HUVECs were replanted into 6/24/96-well plates and incubated overnight. TBPH and TBMEHP dissolved in n-hexane were solvent-exchanged to DMSO and serially diluted by DMEM into exposure media to yield desired final concentrations prior to cell exposure. For exposure, the culture medium was aspirated and treated with TBPH or TBMEHP solutions (DMSO ≤0.1%) for 24 h with 0.1% DMSO solution as a control.
To test the effect of TBPH or TBMEHP on cell viability, HUVECs were planted into opaque white 96-well tissue culture plates at density of 1×10 4 cells/100 μL/well. Subsequently, the culture medium was changed and HUVECs were incubated with fresh medium containing 0.02, 0.2, 1, 2, 5, 10, 20, or 50 μg/mL of TBPH or TBMEHP. After 24 h, cell morphology was observed via an inverted microscopy (TS-100, Nikon, Japan). Cell viability was measured by CCK-8 cell viability assay kit.
Cell-cycle assay and cell apoptosis
HUVECs growing on 60 mm petri dishes were exposed to TBPH or TBMEHP at 1 and 10 μg/mL at 37°C for 24 h. Cells treated with culture medium (containing 0.1% DMSO) was used as a control. Cell cycle was detected following Xiang et al. (2014) . Briefly, after incubation, cells were harvested by 0.25% Trypsin-EDTA digestion, washed twice with ice-cold PBS, and fixed in pre-cooling 70% ethanol at 4°C overnight. Subsequently, the fixed cells were centrifuged, washed with cold PBS twice, and treated using Cell Cycle Analysis Kit (Beyotime Institute of Biotechnology, China). Stained cells were then detected by a FACSCalibur flow cytometer using CellQuest software (BD Biosciences, US). For each sample, 10,000 events were recorded. The cells in different cell cycle phases was determined using the FlowJo software (FlowJo, LLC., USA).
In addition, HUVECs grew on 24 well plates were exposed to TBPH or TBMEHP at 1 and 10 μg/mL at 37°C for 24 h. After incubation, cell medium was aspirated and washed with PBS. Subsequently, HUVECs were treated with 195 μL/well binding buffer, followed by Annexin V-FITC (5 μL) and propidium iodid (10 μL). Cells were incubated for 20 min at room temperature in the dark. Finally, stained cells were visualized by inversed fluorescent microscope (Eclipse Ti-U, Nikon, Japan) with NIS-Elements D software (Nikon, Japan). Normal cells show a low level of fluorescence. Apoptotic cells in early stage are stained with Annexin V-FITC only, whereas late stage apoptosis or necrotic cells are positive for both Annexin V-FITC and propidium iodide.
RNA extraction, cDNA synthesis and quantitative RT-PCR
To test the effects of TBPH and TBMEHP on cell cycle and apoptosis regulatory gene expression, TBPH or TBMEHP was added to culture medium at 1 and 10 μg/mL and incubated with HUVECs for 24 h. HUVECs treated with culture medium (0.1% DMSO) were served as control group. Total RNA was extracted using TaKaRa MiniBEST Universal RNA Extraction Kit (Takara, Japan). The quality and concentration of the purified RNA were evaluated by Nanodrop 2000 (Thermo Fisher Scientific, USA). An aliquot of 1 μg total RNA was reversely transcribed to cDNA via a PrimeScript RT reagent kit (TaKaRa Biotech. Co., Japan). Real time PCR amplification reactions for targeted genes were then conducted using CFX Connect TM RealTime PCR detection system (Bio-Rad, USA) (Xiang et al., 2016a (Xiang et al., , 2016b . The specific primers were obtained from Harvard PrimerBank (Spandidos et al., 2010 ; Table 1 ). For each sample, relative mRNA expression was normalized to housekeeping gene β-Actin. The fold changes of target genes were calculated by 2 − ΔΔCT method.
Mitochondrial membrane potential and caspase-3 activity
To exam whether TBPH or TBMEHP disrupted mitochondrial function to induce cell apoptosis, a well-established JC-1 probe was used to test the loss of mitochondrial membrane potential (MMP). In brief, after growing in 24 well-plates at 3×10 5 cells/well overnight, HUVECs were treated with TBPH or TBMEHP at 1 and 10 μg/mL for 24 h. After incubation, cells were stained according to a commercial kit. Cells were observed by an inverse fluorescent microscopy with NISElements D software (Eclipse Ti-U, Nikon, Japan). Moreover, changes in fluorescence value were analyzed by a fluorescence microplate reader (TECAN, USA). The fluorescence intensity of increasing green/red ratio indicates loss of mitochondrial membrane potential. Cells exposed to 10 μmol/L carbonyl cyanide 3-chlorophenylhydrazone were used as a positive control. For caspase-3 activity assay, HUVECs were seeded in 10 cm dishes and treated with TBPH or TBMEHP at 1 or 10 μg/mL for 24 h. Then cells were washed twice with ice-precooling PBS and lysed with an icecold lysis buffer for 15 min on ice. Lysates were centrifuged at 12,000g for 15 min at 4°C and supernatants were transferred to new precooling tubes. Cellular caspase-3 activity was evaluated using a CaspACE assay system. OD values were determined by using a Multiskan FC microplate reader at 405 nm (Thermofisher, USA). Results were expressed as folds of caspase-3 activity in TBPH or TBMEHP treated cells relative to DMSO-treated control.
Statistical analysis
All experiments were carried out in triplicate. Statistical analyses were conducted using one-way ANOVA and Tukey's post hoc test by PASW Statistics Version 18 (SPSS Inc., USA) and Graphpad Prism Version 6 (Graphpad Software, USA). Significant differences were set at p-value < 0.05.
Results
Cell growth, morphology changes, and cycle arrest
Exposure of HUVECs to TBPH did not affect cell viability at all concentrations (Fig. 1A) , but TBMEHP significantly inhibited cell growth and inhibited > 40% cell viability compared to control at ≥10 μg/mL (Fig. 1A) . Moreover, the number of viable cells was < 2% of control at ≥20 μg/mL TBMEHP. The fitted curve showed that the calculated LC 50 value for TBMEHP was 10.2 μg/mL (Fig. 1B) .
As an important indicator of cytotoxicity, the cell morphology after TBPH or TBMEHP exposure is shown in Fig. 1C -J. The typical cobblestone appearance of confluent HUVECs monolayer was clear in the control (Fig. 1CG ) and low concentration group (≤1 μg/mL) (Fig. 1DEHI) . However, TBMEHP distorted membrane structure and visible vacuolization at 10 μg/mL (Fig. 1J ), implicating serious cell apoptosis. However, at same concentration, TBPH did not affect HUVECs' viability, with only a small amount of vacuolization being observed (Fig. 1F) . Overall, changes in cell morphology were consistent with the LC 50 result. Based on cell viability, we chose 2 concentrations, 1 and 10 (1/10 LC 50 and LC 50 ) μg/mL TBMEHP to further investigate the underlying molecular mechanism. As a comparison, TBPH was also included.
To test our hypothesis that TBPH and TBMEHP inhibited HUVECs growth through cell cycle arrest, cell cycle analysis after exposure was conducted (Fig. 2) . The data showed significant difference between TBPH and TBMEHP. Though the number of HUVECs in G 0 /G 1 phase was not affected at 1 or 10 μg/mL TBPH, the amount of S phase cells was decreased from 24.2% to 14.9%, with G 2 /M phase cells being increased from 6.7% to 19.3% at 10 μg/mL TBPH (p < 0.05), indicating G 2 /M phase arrests in a cell cycle (Fig. 2BCF ). Unlike TBPH, TBMEHP caused a marked G 0 /G 1 cell cycle arrest evidenced by higher number of cells residing in the G 0 /G 1 phase and reducing S phase entry at both 1 and 10 μg/mL (p < 0.05) (Fig. 2DEF) . The data suggested that TBMEHP showed stronger growth inhibition of HUVECs than TBPH.
Cell cycle gene expressions and apoptosis
Cell cycle is regulated by cyclins and their cyclin-dependent kinases (cyclin D1, CDK2, CDK4 and CDK6), which are modulated by cyclin dependent kinase inhibitors (p21 and p27). To investigate the mechanisms of cell cycle regulatory genes in HUVECs after exposing to TBPH or TBMEHP, their mRNA expressions were evaluated by quantitative RT-PCR. After exposure to 1 μg/mL TBPH for 24 h, mRNA levels of cyclin D1, CDK2, CDK6, and p27 were not affected whereas a significant decrease in CDK4 and a remarkable up-regulation of p21 were observed (Fig. 3AB) . However, the mRNA expression of CDK2 and CDK6 was inhibited at 10 μg/mL TBPH (Fig. 3CD) . At 1 μg/mL TBMEHP, cyclin D1, CDK2, CDK6, and p27 were down-regulated to 0.4, 0.3, 0.5, and 0.8 folds, respectively (Fig. 3AB) . Moreover, at 10 μg/ mL, TBMEHP further down-regulated cyclin D1 to 0.1 folds (Fig. 3D) . However, the mRNA levels of the CDK inhibitors p21 and p27 were increased to 4.4 and 2.4 folds (Fig. 3D) .
Accumulating evidence demonstrates that apoptosis is associated with cell cycle arrest, and arrest in late G 1 or S phase can facilitate cell apoptosis (Levkau et al., 1998) . Therefore, we investigated if TBPH and TBMEHP can trigger cell apoptosis with evidence of cell cycle arrest in HUVECs. The increasing number of Annexin V-FITC positive cells was observed at 10 μg/mL TBPH (Fig. 4D ), indicating that TBPH had the potential to induce early apoptosis in HUVECs. However, at 1 μg/mL, TBPH did not alter the fluorescent signal compared to negative control (Fig. 4C) . Unlike TBPH, both green (Annexin V) and red (PI) fluorescence intensity were remarkably elevated after exposure to 1 or 10 μg/mL TBMEHP in a dose-dependent manner (Fig. 4EKFL) . The Environmental Research 156 (2017) 834-842 data indicated that TBMEHP was more potent to induce cell apoptosis than TBPH.
3.3. mRNA of cell apoptosis genes, mitochondrial membrane potential and caspase-3 activity
As a well characterized sequence-specific transcription factor, p53 can be activated to mediate several downstream genes (e.g., p21 and Gadd 45α) to induce cell cycle arrest and apoptosis after exposure to contaminant (Li et al., 2012) . After exposing to 1 or 10 μg/mL TBMEHP, p53 was significantly upregulated (Fig. 4ST) . Interestingly, one of its crucial target gene, Gadd45α was increased to 1.8 and 9.6 fold at 1 and 10 μg/mL TBMEHP. Besides, a remarkable up-regulation of caspase 3 and down-regulation of Bcl-2 were also found, suggesting that TBMEHP may induce apoptosis via mitochondria pathway. However, no notable change of p53, caspase-3, and Bcl-2 or significant suppression of Bax was observed after TBPH exposure. However, the expression of Gadd45α was inhibited at 1 μg/mL TBPH (Fig. 4S) .
To validate whether TBHP or TBMEHP induced cell apoptosis through the mitochondria pathway, two crucial markers of mitochondrial events of apoptosis (mitochondrial membrane potential-MMP and caspase-3 activity) were determined. A significent loss of mitochondrial membrane potential after exposure to 1 or 10 μg/mL TBMEHP was observed. HUVECs showed an attenuated red fluorescence signal and an increased green fluorescence intensity in a doesdepedent manner (Fig. 5A-R) . For example, the percentage of fluoresced green reached 44.6 and 84.5% in HUVECs at 1 and 10 μg/mL TBMEHP (Fig. 5PRS) . However, at same concentrations, TBPH did not induce significant elevation of green fluorescence (Fig. 5OQ) , indicating no change of mitochondrial membrane potential.
In addition, the caspase-3 mRNA expression in HUVECs was significantly enhanced after exposure to TBMEHP (Fig. 4ST) . Here, we further evaluated caspase-3 protease activity (Fig. 5T) . Compared to the control, the activity of caspase-3 was increased by 1.5 and 1.8 folds after exposure to 1 and 10 μg/mL TBMEHP (p < 0.05). Moreover, a slight elevation of caspase-3 activity was also observed after exposure to 10 μg/mL TBPH. Overall, the results indicated that TBMEHPinduced apoptosis in HUVECs may involve the mitochondrial pathway.
Discussion
In the present study, we determined the toxicity mechnisms of human vascular endothelial cells (HUVECs) after exposing to TBPH and its metabolite TBMEHP. The results demonstrated that TBMEHP was more toxic than its parent compound TBPH. TBMEHP inhibited cell growth and induced cell cycle arrest and apoptosis via altering cell cycle regulatory genes expression and initiating mitochondriamediated apoptosis signal pathway.
To study their toxic mechnisms, cell viability test using HUVECs was used since it is an important criteria in evaluating cell responses to contaminants. Considering CCK-8 assay provides higher detection sensitivity and induces less toxic to cells than those of MTT, XTT, MTS or WST-1 assays, the CCK-8 assay was employed to evaluate the cytotoxicity in our study. Human vascular endothelial cells forms the P. Xiang et al. Environmental Research 156 (2017) 834-842 inner lining of blood vessels and play a crucial role in mediating various vascular physiological function (Cines et al., 1998) . After exposing to 0.15, 15, or 1500 μg/mL TBPH, no change in the viability of porcine testicular cells is found (Mankidy et al., 2014) . Similarly, at 0.02-50 μg/mL TBPH, no change was observed in HUVECs viability in our study either (Fig. 1A) . Mono(2-ethylhexyl) phthalate (MEHP), a toxicologically active monoester metabolite of DEHP and a structural analog of TBMEHP, decreases HUVECs viability at ≥3400 μg/mL after 24 h exposure (Ban et al., 2014) . After exposing at 28 mg/mL MEHP for 48 h, the viability of HUVEC cells decreass by 50% (Ban et al., 2014) . In the present study, unlike TBPH, TBMEHP inhibited cell viability at 5 μg/mL, indicating that the metabolite (TBMEHP) was more potent in inducing cytotoxicity of HUVECs than TBPH. The higher cytotoxicity induced by TBMEHP may be attributed to its steric effects and weak hydrogen and halogen bonds . Based on LC 50 value of TBMEHP in HUVECs, we chose 1 and 10 (1/10 LC 50 and LC 50 ) μg/mL for the subsequent studies. After exposing to 10 μg/mL, TBPH induced G 2 /M phase cell cycle arrest of HUVECs, which was confirmed by flow cytometry analysis (Fig. 2) . It is well known that cell division requires cell cycle regulators (e.g. CDK2, and CDK4). Inhibition of CDK2 and CDK4 expression in HUVECs is an important mechanism for chemical-induced cell cycle arrest (Ho et al., 2004) . In our study, we tested the expression of six key cell cycle regulatory genes and found significant down-regulation of CDK2 and CDK4 (Fig. 3C) . This is consistent with that of its structural analog DEHP in mice antral follicles, where DEHP decreases mRNA expression of Cdk4 (Gupta et al., 2010) . These phenomena suggested that TBPH induced HUVECs' arrest via suppression of CDK2 and CDK4 expression (Huang, et al., 2012) .
The inhibition of cell growth observed in TBMEHP-exposed HUVECs may be attributed to the induction of G 1 cell cycle arrest as a result of multiple gene interactions. It is known that the G 1 /S transition is regulated by the complex of cyclin D1 and CKD 4/6 (Malumbres and Barbacid, 2006) . Different from TBPH, down-regulation of cyclin D1 and the cyclin dependent kinase CDK4 and CDK6 were observed after exposure to 1 and 10 μg/mL TBMEHP (Fig. 3) . Cyclin D1 plays a key role in cell transition from G 1 to S, and accumulating evidence demonstrates that decrease of its expression results in G 1 cell cycle arrest (Qin et al., 2010) . Additionally, p21 and p27 mRNA expressions were also altered in HUVECs exposed to 1 or 10 μg/mL TBMEHP (Fig. 3BD) . The p21, also known as Cip 1 or WAF1, is a 21 kDa protein of the family of universal cyclin/CDK inhibitors (Abbas et al., 2016) . Its overexpression and interaction with cyclin D1 and CDK4/6 arrest cells in the G 1 phase of a cell cycle (Coqueret, 2003) . Therefore, up-regulation of p21 mRNA level in HUVECs exposed to TBMEHP may be directly related to cell growth inhibition. The p27, another member of CDK inhibitor, can strongly interact with cyclin D1 and inhibit a variety of CDKs to negatively regulate G 1 progression . The increase of p27 mRNA expression is frequently observed in HUVECs during proliferation inhibition, cell cycle arrest, and apoptotic process (Levkau et al., 1998; Pang et al., 2008) . However, p27 was down-regulated at 1 μg/ mL TBMEHP but then significantly increased at 10 μg/mL, which may be due to the fact that HUVECs showed an adaptive cytoprotective response to contaminant stimulation at low concentration (Fig. 3BD) . However, higher concentration of TBMEHP exposure may exceed the capacity of cellular defenses, leading to elevated p27 expression. Taken together, the up-regulation of CDK inhibitors (p21 and p27) and down- regulation of CDKs and cyclin D 1 may be an important molecular mechanism for TBMEHP to induce HUVECs cycle arrest. Besides inhibition of HUVEC's growth, their apoptosis (i.e., distorted membrane structure and visible vacuolization) occurred after exposure to 10 μg/mL TBPH or TBMEHP (Fig. 1FJ) . Therefore, TBPH and TBMEHP may also induce HUVECs apoptosis. In this study, Annexin V-FITC/PI double staining test showed that TBPH only elicited early apoptosis at 10 μg/mL (Fig. 4DJP) , whereas TBMEHP induced cell apoptosis at a much lower concentration at 1 μg/mL (Fig. 4EKQ) , suggesting that TBMEHP was more potent to induce cytotoxicity and apoptosis in HUVECs than TBPH.
To better understand the molecular mechanism, we analyzed the transcriptional expression of key mediators in apoptosis related signal pathways (i.e., p53). The p53 is a major orchestrator of the cellular response to contaminants and intracellular stresses through regulating apoptosis, cell cycle arrest as well as suppressing angiogenesis (Vaseva and Moll, 2009) . Several groups have verified that p53 not only controls the G 2 /M and G 1 cell cycle checkpoints via stimulating the synthesis of cyclin-dependent kinases inhibitors (e.g., p21 and/or p27) to suppress cyclin-dependent kinases expression, but also mediates cell apoptosis through alternating transcription of various pro-apoptotic genes (e.g., Bcl-2, Bax, and GADD45α) (Agarwal et al., 1995; Saha et al., 2010) . Consistently, in this study, p53 and its down-stream p21 and p27 expression were significantly elevated after TBMEHP exposure (Figs. 3BD and 4ST ), suggesting TBMEHP may arrest HUVEC cell cycle via p53 signal pathway. Moreover, up-regulation of p53 and cyclindependent kinase inhibitors usually induce robust apoptosis in HUVECs, which may also help explain HUVEC apoptosis in this study (Gao et al., 2016) .
To further elucidate the apoptotic mechanism, several pro-apoptotic genes were analyzed including GADD45α. GADD45α, a target gene of p53, encodes a ubiquitously expressed protein that is frequently induced by DNA damage and apoptotic signals. Mounting evidence found that GADD45α induction is strongly associated with p53-induced apoptosis in different cells (Choi et al., 2011; Gu et al., 2010) . In this study, TBMEHP remarkably increased the mRNA level of GADD45α in a concentration dependent manner (Fig. 4ST) . More interestingly, expression of GADD45a is also associated with p27-induced G1 cell cycle arrest (Zhang et al., 2003) , which is similar to our results. Bcl-2, an inner mitochondrial membrane protein, is another crucial regulator to block apoptotic cell death. The Bax protein is also a member of the Bcl-2 family that promotes apoptosis. The ratio of Bax/ Bcl-2 expression determines the potential of a cell to apoptosis (Del Poeta et al., 2003) . Furthermore, both Bcl-2 and Bax are transcrip- P. Xiang et al. Environmental Research 156 (2017) 834-842 tional targets for p53 (Chipuk et al., 2004; Wang et al., 2016) . In this study, up-regulation of p53 also repressed Bcl-2 gene expression (Fig. 4ST) , activating caspase-3 at mRNA and protein levels after TBMEHP exposure (Figs. 4ST and 5B). The data implied that TBMEHP-induced HUVEC apoptosis may also occur through the mitochondria mediated signal pathway (Gao et al., 2016; Vaseva and Moll, 2009) , which was supported by the significant decrease of MMP (Fig. 5S) . Interestingly, TBPH did not alter those gene expressions except Bax. Bax expression was decreased to 0.67-0.69 folds at 1 and 10 μg/mL TBPH compared with control, implicating that HUVECs may defend extracellular stress of TBPH via inhibition of Bax expression to alleviate the apoptosis ( Fig. 4ST ; Wang et al., 2011) . The caspases are a family of cysteine proteases whose activation induces cellular apoptosis. Caspases-3, as one of crucial member of caspases family, plays a pivot role in the execution of apoptosis in mitochondrial apoptotic pathway in HUVECs (Shioiri et al., 2009) . Our results clearly demonstrated that TBMEHP but not TBPH elevated caspase-3 activity (Fig. 5T) , which was accordance with cell apoptosis and its regulatory gene expression. Therefore, our data further confirmed that TBMEHP exposure induced HUVECs apoptosis via mitochondrial apoptotic pathway (Fig. 6 ).
Environmental implications
Due to the bans on the use of PBDEs, an increasing number of alternate flame retardants (FRs) are being introduced in the market. The prevalence and high concentrations of these new FRs measured in dust (up to 16 mg/kg) warrant further studies to evaluate their potential health effects, particularly for children due to their crawling and mouthing behaviors (Springer et al., 2012) . A number of health issues through exposure to FRs have been reported including cardiovascular toxic effect. For example, cardiac hypertrophy and arrhythmia in zebra fish embryos via exposure to hexabromocyclododecane were observed in Wu et al. (2016) . Another study demonstrated poor cardiovascular performance in male rats after exposing to Firemaster 550 with TBPH as a major component (Patisaul et al., 2013) . In recent years, cardiovascular disease is becoming a major public-health problem and the leading cause of death worldwide. It has been reported that cardiovascular disease accounted for 31% of 2.6 million deaths in the US in 2013 (Mozaffarian et al., 2016) . Our study indicated that exposure to TBPH and its metabolite TBMEHP may induce a potential human cardiovascular risk via the activation of p53 and mitochondrial pathway. These new findings make important contribution to the limited data on cardiovascular disease risks related to these alternative FRs, especially in terms of molecular mechanism. In addition, higher toxicity was observed for TBMEHP than that of TBPH, indicating that future risk assessment on human exposure to alternative FRs should also consider their metabolites. Even though only TBPH was tested, our data should have implications for other alternative FRs with similar properties to TBPH.
In term of environmentally relevant concentrations of TBPH, one issue deserves further discussion. Given its low water solubility and high hydrophobicity, the exposure doses at 1 and 10 mg/L in this study were higher than the environmental relevant concentrations. Based on the TBPH concentrations in housedust (≤16 mg/kg) (Springer et al., 2012 ), children's blood (7% of 5 kg body weight (Russell, 1949) ), and children's dust ingestion rate (≤200 mg/day (Jones-Otazo et al., 2005) ), the daily increased TBPH concentration in children blood is about 0.1 mg/L, which is much lower than the doses used in this study. However, the relative distribution of these alternative FRs in housedust often follow log-normally skewed patterns similar to PBDEs (Peng et al., 2015) , suggesting that some people are exposed to far higher concentrations than others. For example, children may directly ingest fine debris from polyurethane foam furniture containing high levels of FRs and firefighters are exposed to FRs at levels much higher than the general public. In addition, the exposure dose of TBMEHP in the current study is much more realistic due to its higher solubility. More importantly, its higher toxic effect at 1 mg/L highlights the importance of FR metabolite investigation in the future studies.
